Background--Vascular dysfunction is an early expression of atherosclerosis and predicts cardiovascular (CV) events. Peripheral arterial tonometry (PAT) evaluates basal pulse amplitude (BPA), endothelial function (PAT ratio), and wave reflection (PAT-AIx) in the digital microvessels. In Brazilian adults, we investigated the correlations of PAT responses to CV risk factors and to carotid-femoral pulse wave velocity (PWV), a measure of arterial stiffness.
study of a distinct ethnic background: a middle-income country with intense racial admixture. We also studied the relations between digital vascular function and carotid-femoral pulse wave velocity (PWV), the gold-standard measurement of arterial stiffness. 10 
Methods

Participants
The study sample derived from the Brazilian Longitudinal Study of Adult Health (ELSA-Brasil), a multicenter cohort of 15 105 civil servants designed to investigate the determinants of CV diseases (CVDs) and diabetes. Eligibility criteria included active or retired employees of 5 universities and 1 research institute, aged 35 to 74 years, who volunteered to participate. Other details of concept and design were published elsewhere. 15 Digital vascular function was assessed in participants at their baseline visit to the Minas Gerais Investigation Center, which enrolled 3115 participants. Given that PAT data acquisition began partway through the baseline visit, 1659 participants were eligible for vascular testing. In addition, 124 were excluded because of Raynaud's disease (n=1), radical mastectomy (n=3), patient refusal (n=2), hand abnormality (n=5), acute illness in the 12 hours before PAT exam (n=58), missing data file (n=2), use of nitrates (n=3), or technically inadequate studies (n=50). Technical inadequacy refers to insufficient flow occlusion (n=7), poor PAT signal quality (n=27), incomplete PAT data acquisition (n=4), and occlusion period >5:30 minutes (n=12). The Universidade Federal de Minas Gerais and the Brazilian National Ethics Committee approved the study, and all participants provided written informed consent.
Study Protocol
Participants were asked to refrain from eating, consuming alcohol or caffeine, and exercising 12 hours before the examinations. Medical history and socioeconomic factors were obtained by questionnaires. Race and current smoking were self-reported. For race, participants could choose from a fixed set of categories based on the Brazilian Census classification: black; mixed; white; native Brazilian; or yellow. Yellow is used in Brazil for people of Asian origin. Physical activity was assessed by the short version of the International Physical Activity Questionnaire and participants were classified as low (<600), moderate (600 to 3000), or highly active (≥3000 metabolic equivalent-min/week). 16 Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. Abdominal obesity was defined as waist circumference >88 cm for women and >102 cm for men. Blood pressure (BP) and heart rate (HR) were measured 3 times in the seated position after 5 minutes of rest. BP was measured automatically (Omron 765CP; Omron, Kyoto, Japan), in the left arm, 2 cm above the cubital fossa, and the average of the second and third measurements was used. PWV was obtained using an automatic device (Complior SP; Artech Medical, Paris, France) by dividing the suprasternal notch-femoral distance by the difference in transit time between pulse waves measured at the carotid and femoral arteries. Blood samples were collected in the fasting state and after a 2-hour oral 75 g of glucose load; blood analytes were measured according to a previous publication. 15 The 
Digital Vascular Measures
Digital vascular measures were obtained with an automated device (EndoPAT2000; Itamar Medical, Caesarea, Israel). The cuff was placed in the participant's nondominant arm, 2 cm above the cubital fossa, and PAT probes were placed on each index finger. Baseline pulse amplitude (BPA) was measured for 5 minutes. Arterial flow was interrupted on 1 side for 5 minutes by inflating the cuff at suprasystolic pressure. After 5 minutes, the cuff was deflated to induce reactive hyperemia, and the PAT signal was recorded for another 5 minutes. The contralateral finger was used to control for systemic changes. PAT ratio is the ratio of postdeflation pulse amplitude 90 to 120 seconds after cuff release to the mean BPA. This result is divided by the corresponding ratio from the control finger and transformed to its natural logarithm. PAT ratio has been shown to best reflect the variability of reactive hyperemia that can be explained by CV risk factors and includes the 90-to 120-seconds interval, which is the maximum vasodilation period ( Figure 1 ) and is dependent on NO. 3, 6 PAT-AIx is calculated by the device by averaging the BPA data and using the formula: PAT-AIx=(P2ÀP1)9100/P1 (%) (Figure 2 ). 10 The reproducibility of PAT in ELSA-Brasil has been published elsewhere. 17 
Statistical Analyses
Dichotomous variables are expressed as frequencies and continuous variables as meanAESD, unless stated otherwise. BPA, triglycerides, and C-reactive protein (CRP) were transformed to their natural logarithm because of skewed distributions. To determine the correlates of digital vascular measures, adjusting for age and sex we calculated partial correlation coefficients for SBP, DBP, HR, BMI, CRP, ratio of total to high-density lipoprotein (HDL) cholesterol, triglycerides, fasting glucose, diabetes, abdominal obesity, smoking, HTN, lipid-lowering and HTN medication, prevalent CVD, physical activity status, level of education, and annual family income. We then performed step-wise multivariable regression models, in which age and sex were forced in and the variables listed above, except the last 3 and HTN, were allowed to enter the models (P<0.10 to enter and P<0.05 to stay). No collinearity between variables was found using the tolerance test and the variance inflation factor analysis. HR and height were included in all PAT-AIx models. Secondarily, we tested whether there was an effect modification by sex on the association of age and vascular measures. We analyzed the sex9age effect modification by multivariable regression models, in which we forced sex and age in and then included the CV risk factors that we had previously found significant for each digital vascular measure and an "interaction variable," created by multiplying sex (dichotomized) by age (treated as a continuous variable). We also stratified participants according to the presence of normal (NFG) or impaired fasting glucose (IFG) or diabetes to relate these groups to the digital vascular measures.
Univariate general linear models accounting for age, sex, CV risk factors, and socioeconomic status variables were used to examine the relation of race and digital vascular function. Because we did not have many Asians or Native Brazilians, they were not included in the race analyses. For CV risk factors, all variables above except CRP and abdominal obesity were included in the models.
To evaluate the correlation between vascular measures, we estimated partial correlation coefficients for BPA, PAT ratio, PAT-AIx, and PWV, adjusted for age, sex, HR, and height, and then in the multivariable model adjusted for CV risk factors, as described above.
All analyses were performed using SPSS 20 (SPSS, Inc., Chicago, IL). Two-sided P<0.05 were considered statistically significant, except in the post-hoc pair-wise comparisons between the 3 racial groups per vascular measure, in which we used Bonferroni's adjustment (P<0.0167) for multiple comparisons. Table 1 shows the characteristics of participants: the mean age was 52AE9 years, 44% were women, and 50.8% were white. The proportion of Asians (2.5%) and Native Brazilians (0.5%) was low. Overall, the mean fasting glucose was high, contributing to an elevated prevalence of diabetes and IFG. Prevalences of HTN, diabetes, and smoking were higher for black individuals, whereas white individuals had higher values of total/HDL cholesterol and triglycerides than their black counterparts. Participants of mixed race had intermediate values between black and white individuals for most characteristics. A high proportion of sedentary and highly educated participants were observed, the latter reflecting the work-based origin of the sample; however, there was a greater proportion of black individuals with lower level of education and annual family income, both related to lower socioeconomic status. For the digital vascular function measures in the overall sample (Table 2) , except for PAT-AIx, men had more-impaired responses than women.
Results
Participant Characteristics and Vascular Measures
Clinical Correlates of Digital Vascular Measures
As shown in Table 3 , male sex was related to higher BPA and lower PAT ratio and advancing age was associated with higher BPA. BPA was positively and PAT ratio was inversely associated with most CV risk factors, and these correlations were stronger for BPA. Prevalent CVD was inversely correlated to PAT ratio. Regarding PAT-AIx, it was inversely correlated to male sex, BMI, abdominal obesity, and prevalent CVD, and Asian and Native Brazilians data are not shown because of low numbers (2.5% and 0.5%, respectively). Race was not reported by 21 participants. HDL indicates high-density level. *C-reactive protein and triglycerides are presented as median (interquartile range).
directly correlated to age, SBP, DBP, smoking, and HTN. Socioeconomic variables were only correlated to PAT-AIx. In multivariable models (Table 4) , the factors positively correlated to BPA and inversely correlated to PAT ratio were male sex, BMI, and total cholesterol/HDL. Advancing age and higher triglycerides also related to higher BPA, whereas lower SBP, HTN treatment, and prevalent CVD was associated with lower PAT ratio. The correlates of higher PAT-AIx were female sex, advancing age, SBP, DBP, and smoking, whereas increasing HR, height, BMI, and prevalent CVD were related to lower PAT-AIx. The overall models explained 22%, 14%, and 38% of the variability of BPA, PAT ratio, and PAT-AIx, respectively, and most of this variability was owing to sex. Data are presented as partial correlation coefficient and P values. The first 2 rows represent sex adjusted for age and age adjusted for sex. BPA indicates baseline pulse amplitude; HDL, high-density lipoprotein; PAT, peripheral arterial tonometry; PAT-AIx, augmentation index derived from PAT. *PAT-AIx was also adjusted for heart rate and height. Figure 3A shows that individuals of black race had significantly lower BPA and higher PAT ratio in adjusted models than mixed and white individuals, consistent with better vasodilator function, but higher PAT-AIx. When individuals of mixed race were compared to whites, these differences were not significant. In models that included socioeconomic variables, the same pattern was observed for PAT ratio and PAT-AIx. For BPA, the difference between mixed and white individuals became significant ( Figure 3B ). Table 5 reveals that, in models adjusted for sex, age, HR, and height, PAT-AIx was directly associated with PAT ratio and PWV and inversely associated to BPA. Higher BPA was strongly associated with lower PAT ratio, and both were not correlated to PWV. In the model adjusted for CV risk factors, the correlations changed for PWV, which also was inversely associated with BPA.
Race-Related Differences in Digital Vascular Function
Correlation of Vascular Function Measures
Secondary Analyses
Glucose metabolism profile
Higher BPA and lower PAT ratio were detected in participants with diabetes or IFG, when compared to participants with NFG (P<0.001). However, the difference between participants with diabetes and IFG was not significant (P=0.55 for BPA; P=1.00 for PAT ratio).
Effect modification by sex on the association of age and vascular measures
Effect modification by sex on the association of age and vascular measures was only observed for PAT-AIx: The age estimated effect size for women was 0.39 and for men 0.61 (P<0.005), suggesting that the increase in PAT-AIx with advancing age was greater in men than women. In the latter, it tended to plateau at the age of 55 years ( Figure 4 ).
Discussion
In a large Brazilian cohort representing a middle-income country with a distinct racial background, we evaluated the correlation of CV risk factors and digital vascular measures, including basal microvascular tone (BPA), microvascular endothelial function (PAT ratio), and the contribution of wave reflection to pulse pressure (PAT-AIx). We also extended previous work by analyzing the correlation between digital vascular measures and their relation to PWV, a measure of arterial stiffness. Our main findings are: (1) CV risk factors, particularly metabolic, relates to lower microvessel vasodilator function; however, in contrast to studies from the United States, self-reported black race was associated with lower BPA and greater PAT ratio, indicating more-favorable digital vasodilator response and suggesting that patterns of vascular function may vary by race across populations; (2) PAT-AIx associates with CV risk factors, consistent with smaller studies that used PAT-AIx and others that evaluated AIx obtained from radial tonometry, inferring that PAT-AIx may be a valid measure of wave reflection; (3) the modest correlation of PAT-AIx and PWV suggests that PAT-AIx has complex determinants, including central aortic stiffness.
Previous studies have described the association of digital vascular tone and endothelial function with CV risk factors in U.S. and European studies. 6, 7, 12 We now demonstrate similar associations in individuals from Brazil, a middle-income country, where demographic and nutritional shifts are increasing the prevalences of metabolic risk factors that threaten to accelerate the incidence of CVDs. 18, 19 Indeed, we observed high prevalences of obesity, hyperlipidemia, and diabetes. We demonstrated that, in multivariable-adjusted models, lower vasodilator function was associated with metabolic risk factors, including higher BMI, total cholesterol/HDL, and triglycerides. However, diabetes and fasting glucose were not associated with BPA and PAT ratio. We speculate that the lack of association may be owing to the high prevalence of participants with IFG in our sample, which could have reduced the difference in the vasomotor tone influenced by these variables. In fact, when participants were stratified according to NFG, IFG, or diabetes, the difference among the 3 groups was significant for BPA and PAT ratio, except between participants with IFG and diabetes. The associations of metabolic diseases with BPA and PAT ratio are consistent with the reported early damaging effects of oxidative stress and activation of proinflammatory mechanisms in the microvasculature caused by metabolic risk factors, resulting in less bioavailability of NO. 20, 21 The lack of association between age and PAT ratio herein described is in agreement with others and could be related to the distinct physiology of digital vasculature. 22, 23 When comparing data from the present study with other cohorts that used similar methodology, our results show that mean BPA and PAT ratio were more impaired in Brazilian adults, regardless of sex, and this difference was more substantial in whites than in black individuals. 6, 7, 14 The greater impairment of digital vasodilator function in Brazilian adults might be a result of a higher prevalence of metabolic risk factors-especially diabetes-or a worse control of prevalent risk factors, reflecting the reversible aspect of endothelial dysfunction. 1, 24 Other hypotheses would be different risk profiles between the cohorts or characteristics of the Brazilian population. Given that multivariable models of CV risk factors only explained 22% of BPA and 14% of PAT ratio variability, we speculate that factors such as socioeconomic status, physical activity, and racial composition could partly account for the variability of PAT measures. However, no significant correlation between level of education, family income, or physical activity status and BPA or PAT ratio was found, similar to what was reported in American adults. 14 The parallel findings in our study of vascular function in Brazil to previous investigations in high-income countries may Data are presented as partial correlation coefficients (r) and P values. BPA indicates baseline pulse amplitude; PAT, peripheral arterial tonometry; PAT-AIx, augmentation index derived from PAT. Figure 4 . Effect modification by sex on the association of age and PAT-AIx. Values plotted are mean PAT-AIx for each age group and 95% confidence intervals. As displayed, the increase in PAT-AIx with advancing age is greater in men than women, in whom it tended to plateau at the age of 55 years. F indicates female; M, male; PAT, peripheral arterial tonometry; PAT-AIx, augmentation index derived from PAT.
emphasize the importance of counteracting the trends toward increasing CV risk factors in the developing world. Regarding racial composition, previous studies in American adults have shown that black race is associated with vascular dysfunction assessed by PAT. 12, 14 The endothelial dysfunction in black subjects has been attributed to the reduction of NO bioavailability caused by a redox state as a result of more production of superoxide (O 2 À ). 25 However, we found that black race in Brazil was associated with a more favorable vascular response, compared to white and mixed race, which persisted when accounting for concomitant CV risk factors and socioeconomic status. The composition of the Brazilian population is an admixture of diverse ethnic backgrounds: Portuguese settlers and other European immigrants; African slaves; Native Brazilians; and a small proportion of Asians. 26 The Brazilian racial admixture may provide an explanation for the above-cited findings given that, irrespective of race selfidentification, most Brazilians share European, African, and Native ancestries, making self-reported race a poor surrogate for genetic ancestry in this country. 26, 27 In fact, Brazilians use the term "skin color" instead of race, reflecting that "'racial" categorization depends not on ancestry, but on the physical appearance of the individual. 26 Taken together, our findings suggest that the association of race and vascular function may vary across countries and confirm the need for additional studies to determine the genetic contributions to racial variability in vascular function. The CV risk factors and racial correlations mentioned above were stronger for BPA than for PAT ratio, as previously reported, suggesting that the CV risk factors are more associated with structural changes. 6, 7 A question that arises, supported by the strong correlation between PAT ratio and BPA, is how much of the PAT ratio association with risk factors is the result of BPA and not the response to hyperemia. The influence of the resting pulse amplitude may be a physiological effect given that the already higher pulse amplitude may preclude vasodilation, or a mathematical effect, because PAT ratio is calculated using BPA in the denominator. 1 In the present study, we extended previous work by showing the relation of digital vascular measures to arterial stiffness and found that BPA and PAT ratio were not correlated to PWV. Although a relationship between aortic stiffness and forearm microvascular function had been shown, this association had not yet been studied with the digital circulation. 28 The lack of correlation between aortic stiffness and BPA and PAT ratio is consistent with the lack of association between BPA and PAT ratio with age or blood pressure and with the proposed initial damage of different vascular beds by specific risk factors. 7, 22 Regarding PAT-AIx, higher values correlated with factors known to make the reflected wave return earlier in the cardiac cycle: lower stature and HR. 29 A higher PAT-AIx also was associated with female sex, advancing age, higher SBP and DBP, smoking, and black race. Other unexpected correlations were observed: lower PAT-AIx related to prevalent CVD and higher BMI. When evaluated by radial tonometry, a higher AIx has been associated with CV outcomes. 10 Women had significantly higher PAT-Aix, even when accounting for height, and this difference decreased with advancing age, leading to speculation about a role for hormonal effects. The counterintuitive association between female sex and PAT-AIx has been repeatedly described and attributed to different arterial biomechanical properties according to sex. 30 The multivariable model explained 38%
of PAT-AIx variability; however, the risk factors associations with this measure were different from the correlates of BPA and PAT ratio, suggesting that they reflect different aspects of vascular impairment. Lower level of physical activity, education, and annual family income also were correlated to PAT-AIx, inferring that lifetime exposure to adverse conditions may contribute to specific vascular dysfunction phenotypes.
There is considerable interest in measuring arterial stiffness as a predictor of HTN and CV risk. The PAT-AIx is a novel approach to determine AIx that would allow an assessment of vasodilator response and stiffness properties during the same test. Previous studies have stated that PAT-AIx is a surrogate measure of arterial stiffness. 10 However, the positive correlation between PAT-AIx and PWV was modest, consistent with the fact that pulse pressure augmentation has multiple components in addition to the contribution of central aortic stiffness. 10, 29, 31 Indeed, higher AIx was associated with lower BPA, reflecting reduced peripheral compliance. Interestingly, higher PAT-AIx was associated with higher hyperemic response, which may indicate that greater wave reflection is protective of the microcirculation by limiting the amount of energy transmitted from the forward wave to the microvessels. 29 In contrast with our findings, a relationship between decreased NO and higher central AIx has been demonstrated and attributed to changes in the amplitude of the reflected wave. 32 Therefore, in light of our results, the mechanisms underlying PAT-AIx must be further elucidated. Limitations of the current study must be considered. Because of its observational design, we could not evaluate endothelium-independent vasodilation or preclude the use of medications. Given that our study is a cross-sectional analysis, causal relations and the temporality of associations cannot be established. It also must be acknowledged that we only evaluated vascular function in the digits, and the evaluation in different vascular beds may provide complementary information. 7, 22 Regarding the ELSA-Brasil cohort study, it may not be a representative sample of Brazilian adults, given that its participants are employed civil servants, mainly living in urban areas, and for the present study only from 1 center. 15, 26 To counterbalance these limitations, the strengths of our study include: a large multiethnic sample; the community-based nature of the cohort; and a comprehensive assessment of vascular function and CV risk factors.
Perspectives
Although Brazil is living in a distinct epidemiological moment, when compared to U.S. and European countries, PAT basal tone and hyperemic response are correlated with metabolic risk factors similar to those found in cohorts from these high-income countries. Our data corroborate the importance of vascular health in the incremental burden of CVDs in middle-income countries. The unanticipated relations found between endothelial function and race reinforce the need for further examination of racial variation using genetic information and preclude the extrapolation of data from more-homogeneous populations to countries with intense racial admixture. Regarding the vascular measures relations, our study suggests that PAT-AIx may be a valid measure of wave reflection, influenced by arterial stiffness, and microvessel vasodilator function. Although it is attractive to perform 3 vascular measures with a single exam, before PAT can be applied in clinical settings, the mechanisms underlying alterations in each measure must be more clearly elucidated. Furthermore, prospective data are needed to evaluate whether digital vascular function is able to predict clinical disease, if it can guide treatment, or if it has incremental value for CV risk stratification beyond traditional risk factors.
